Management of forest genetic resources requires experimental data related to the genetic variation of the species and populations under different climatic conditions. Foresters also demand to know how the main selective drivers will influence the adaptability of the genetic resources. To assess the inter-and intraspecific variation and plasticity in seedling drought tolerance at a relevant genetic resource management scale, we tested the changes in growth and biomass allocation of seedlings of Pinus oocarpa, P. patula and P. pseudostrobus under two contrasting watering regimes. We found general significant intraspecific variation and intraspecific differences in plasticity, since both population and watering by population interaction were significant for all three species. All the species and populations share a common general avoidance mechanism (allometric adjustment of shoot/root biomass). However, the intraspecific variation and differences in phenotypic plasticity among populations modify the adaptation strategies of the species to drought. Some of the differences are related to the climatic conditions of the location of origin. We confirmed that even at reduced geographical scales, Mexican pines present differences in the response to water stress. The differences among species and populations are relevant in afforestation programs as well as in genetic conservation activities.
Introduction
In the last decades, there has been an increasing concern about the consequences of climate change on the future distribution and productivity of forest species. Many forest areas have experienced a decrease in rainfall and a subsequent increase in drought severity. In particular, Mexico will experience, on average, an increase of 1.5 • C in mean annual temperature, and a decrease of 6.7% in annual precipitation by 2030 [1] . This is already posing practical problems in the management of many forest tree species, derived from the shifts in species distribution [2] , and the future requirements in terms of adaptation and productivity.
Materials and Methods

Plant Material
The natural distribution of the study species covers small and large areas throughout the north, center and south of Mexico. Pinus oocarpa (OC) and P. pseudostrobus (PS) are usually found in fragmented mixed stands, while P. patula (PA) occurs in pure stands. We sampled populations of the three species from the TMVB. The number of sampling sites (populations) was different for each species (Figure 1 and Table 1) : P. oocarpa, two populations (OC01, OC02), P. patula, 10 populations (PA01, PA02, PA03, PA04, PA06, PA07, PA08, PA09, PA11, PA12), and P. pseudostrobus, five populations (PS01 to PS05). Seedlots were either samples provided by academic institutions (15 out of 17 samples) or commercial seedlots provided by a private seed supplier (two out of 17) , and were composed of seeds from at least 20 mother trees per population. The sampling for P. oocarpa was limited to areas where the taxonomic identification of the species was clear, to avoid biases in the comparisons. This is particularly important in the eastern area of the study, where three new species have been recently described but assigned to P. oocarpa by the National Forest Inventory.
Experiment Description and Experimental Design
Three hundred seeds per population were sown in trays containing moistened rock wool and covered with plastic film (see Appendix A for details in the experimental set-up). Trays were placed inside a germination chamber at 25 ± 1 • C, 60 ± 5% relative humidity and an eight-hour photoperiod. The germination was recorded three times a week and then used to calculate the germination curve parameters (total germination in %, speed) based on a sample of 60 seeds per population. Germination for the three species started at three days. P. oocarpa and P. pseudostrobus had a higher germination rate than P. patula (Supplementary information Figure S1 ). This information is essential to implement breeding and conservation programs under climate change scenarios.
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Plant Material
The natural distribution of the study species covers small and large areas throughout the north, center and south of Mexico. Pinus oocarpa (OC) and P. pseudostrobus (PS) are usually found in fragmented mixed stands, while P. patula (PA) occurs in pure stands. We sampled populations of the three species from the TMVB. The number of sampling sites (populations) was different for each species (Figure 1 and Table 1) : P. oocarpa, two populations (OC01, OC02), P. patula, 10 populations (PA01, PA02, PA03, PA04, PA06, PA07, PA08, PA09, PA11, PA12), and P. pseudostrobus, five populations (PS01 to PS05). Seedlots were either samples provided by academic institutions (15 out of 17 samples) or commercial seedlots provided by a private seed supplier (two out of 17), and were composed of seeds from at least 20 mother trees per population. The sampling for P. oocarpa was limited to areas where the taxonomic identification of the species was clear, to avoid biases in the comparisons. This is particularly important in the eastern area of the study, where three new species have been recently described but assigned to P. oocarpa by the National Forest Inventory. [19] for Pinus oocarpa, P. patula and P. pseudostrobus.
Figure 1.
Location of sampled populations and distribution range of the species [19] for Pinus oocarpa, P. patula and P. pseudostrobus. We transplanted 50 seedlings into individual plastic containers, except for three P. patula populations (PA02, PA07 and PA08) that had a low germination rate, for which we transplanted, respectively, 38, 26 and 35 seeds. The total number of seedlings used was 786. We used individual plastic containers with a mixture of peat moss and vermiculite substrate (3:1 v/v) whose size was big enough (250 cm 3 ) to avoid root restriction, given the short duration of the experiment [17] . The trial was established in a greenhouse under controlled conditions (Appendix A). The trial was set up with a randomized complete block design, with five seedlings per experimental unit, and five blocks in each of the two watering treatments. Seedlings were maintained in a slow-growth phase over 135 days from November to March to allow the material to harden. Then plants were cultivated in a normal-growing phase (April to June). Fifty seedlings per population were submitted to two watering treatments during 90 days (25 seedlings per watering regime): Field Capacity (FC) and Drought-Stress (DS). For those populations with lower seed germination rate we set an equal number of seedlings per treatment (PA02, PA07 and PA08). The watering regimes were based on the mean saturation level of the substrate: 90-100% on FC and 35-45% on DS treatments. We determined the amount of water for each watering event every two days by weighing plants randomly chosen from each treatment.
Variables Measured
We periodically recorded the survival, height (mm) and ontogenetic stage of all seedlings [16] . Species were in the epicotyl elongation and formation of axillary buds phase at the beginning of the experimental phase, and had dwarf shoots by the end of it (Appendix A). We obtained the height growth increment (HG in mm) during the watering experiment as the difference between height at the beginning and the end of the watering experiment (H t -H 0 ). At the end of the experiment (90 days of watering treatment, 225 days old), all plants were harvested and partitioned in roots, stems, and leaves. They were dried (65 • C/72 h) and weighed (g, ±0.01) [23] to assess total dry mass (TDM in mg) and that of its components: roots, stems and needles (RDM, SDM, and NDM, respectively, in mg). The root mass fraction (RMF, root dry mass to total dry mass), stem mass fraction (SMF, stem dry mass to total dry mass) and needle mass fraction (NMF, needle dry mass to total dry mass) were also computed. The specific leaf area (SLA in cm 2 /g) was estimated from 10 needles randomly chosen from each plant [13] . For seedling survival, we performed a logistic regression analysis using a maximum likelihood method:
where p ik(l) is the survival probability in the ith watering regime of the kth population within the jth species; z ik(j) is the logit estimation in the ith watering treatment of the kth population within the jth species; µ is the grand mean; W i is the effect of the ith watering regime (1 to 2); S j is the effect of the jth species (1 to 3); and P k(j) is the effect of the kth population within the jth species (1 to 10). The WS ij interaction was not included in the model due to its lack of significance.
Mixed Model
For the other variables, we conducted an inter-species variance analysis according to the following mixed model:
where y ijkl is the value of observation in the lth block of the kth population of the jth species in the ith watering treatment; µ is the general mean; W i is the fixed effect of the ith watering treatment (1-2); S j is the fixed effect of the jth species (1-3); WS ij is the interaction fixed effect of the ith treatment with the jth species; PS k(j) is the random effect of the kth population within the jth species; BW l(i) is the random effect of the lth block (1-5) within the ith treatment; c is the lineal effect of the covariate x ijkl (seedling height at the beginning of the watering regimen); and ε ijkl is the experimental error. In order to examine the intra-species variation, a variance analysis was performed for each species, using the following model:
where y ijk is the value of observation in the kth block of the jth population of the ith watering regime; µ is the general mean; W i is the fixed effect of the ith treatment (1-2); P j is the fixed effect of the jth population (2-10); WP ij is the interaction fixed effect of ith treatment with the jth population; BW k(i) is the random effect of the kth block (1-5) within the ith treatment; c is the lineal effect of the covariate x ijk (seedling height at the beginning of the watering regimen); and ε ijk is the experimental error. We analyzed the variation of dry masses and mass fractions including the initial height as a covariate to correct the bias due to differences in the initial growth [24] . Consequently, the experimental error of the models was reduced in each case.
Phenotypic Plasticity
For each species, we calculated the plasticity index of a trait due to drought stress effect as [25] :
where V 1 is the trait mean under the FC treatment; and V 2 is the trait mean under the DS treatment.
In species with significant treatment x population interaction (WP), a plasticity analysis for each population was conducted, plotting the mean value trait by population on a dimensional plane where the x-axis was the drought stress treatment (DS) and the y-axis was the field capacity treatment (FC) [26] . 
Allometric Analysis
We further used allometric analysis based in log-transformed data to study the changes in root dry mass compared to the sum of stem and needle dry mass. Differences between the two watering regimes in slopes and intercepts for the three species with their populations were assessed by parallelism test using watering regimes [23, 27] .
Factor Analysis
In order to display the overall performance of the populations tested, we performed, for P. patula and P. pseudostrobus (species with more than two populations), a factor analysis using a maximum likelihood method and a Varimax rotation to maximize the variation of factor loadings and to facilitate the interpretation of the factors. We used variables with highly significant differences in the watering treatment (model 1): HG, RDM, SDM, SMF and SLA. A Biplot using the values of the factors for the FC and DS treatments was considered for each population. A correlation coefficient was computed for the mean values of the populations of the two axes, the plasticity (differences among FC/DS treatments), and the altitude and rainfall.
All the statistical analyses were performed using SAS software (SAS Institute, Cary, NC, USA) [28] .
Data Access
The data are to be stored in the Zenodo repository, and DOIs are being provided for the various datasets in the Supplementary Material section.
Results
Response to Watering Regimes
Water stress treatment significantly affected species survival, irrespective of seed origin (Table S1 ). Mortality (from the beginning to the end of the drought experiment) ranged from 30% for Pinus oocarpa to 4% for P. pseudostrobus, with P. patula offering an intermediate value, 12% (Table S2) .
Watering produced significant differences for all three pine species in seedling phenotypic changes ( Table 2 and Table S3 ). Most traits, with the exception of relative biomass allocation to roots (RMF) and needle biomass (NDM), showed distinct phenotypic changes (i.e., plasticity) in response to drought, indicating the importance of the watering treatment. We also found differences in the plastic responses of the species (species by watering interactions). Moreover, data confirmed a general significant intraspecific variation and intraspecific differences in plasticity, since both population and watering x population interaction were significant for all the three species. 
Allocation Patterns
Overall, regression models between root dry mass with stem plus needles dry mass, representing relative allocation to roots, had a positive relationship with low watering regime. For FC and DS, regression lines did not share a common trajectory (p < 0.0001) for all three species. However, intercepts were different for P. patula and P. pseudostrobus (p < 0.0001) but not for P. oocarpa (p = 0.344) ( Figure 2 , Table S4 ). 1 Mean squares, and Level of significance: ** significant differences (p < 0.01); * significant differences (p < 0.05); ns, not significant (p < 0.05). 2 HG: height growth increment; RDM: root dry mass; SDM: stem dry mass; NDM: needle dry mass; TDM: total dry mass; RMF: root mass fraction; SMF: stem mass fraction; NMF: needle mass fraction; SLA: specific leaf area. W: Watering. S: Species. WxS: Watering x Species interaction. c: Covariate: Initial height for all traits except for HG. P(S): Population within species. B(W): Block within treatment. df: degrees of freedom.
Overall, regression models between root dry mass with stem plus needles dry mass, representing relative allocation to roots, had a positive relationship with low watering regime. For FC and DS, regression lines did not share a common trajectory (p < 0.0001) for all three species. However, intercepts were different for P. patula and P. pseudostrobus (p < 0.0001) but not for P. oocarpa (p = 0.344) ( Figure 2 , Table S4 ). 
Intraspecific Variation
Height growth increment significantly varied with watering treatment for all study species, the extent of the change significantly varying for P. patula and P. pseudostrobus populations, but not for P. oocarpa's ( Table 3 ). The more plastic traits were related to height growth increment, stem and needle biomass and specific leaf area (Table 4 ). 
Height growth increment significantly varied with watering treatment for all study species, the extent of the change significantly varying for P. patula and P. pseudostrobus populations, but not for P. oocarpa's ( Table 3 ). The more plastic traits were related to height growth increment, stem and needle biomass and specific leaf area (Table 4) .
We found differences among populations in many of the analyzed traits, especially those related to the biomass components, but not for allocation fractions: stem and total biomass in Pinus oocarpa, height growth increment, total biomass and biomass components and specific leaf area in P. patula, and all the traits except stem biomass in P. pseudostrobus. For many of those traits that showed a significant population effect, significant differences in population phenotypic plasticity were detected, indicating differences among species and populations in response to drought, e.g., population phenotypic changes in stem and needle biomass in Pinus oocarpa and P. patula, or biomass allocation and specific leaf area in P. pseudostrobus.
The patterns of phenotypic plasticity among populations were quite contrasting depending on the trait (Figure 3 ). The height growth increment showed sharp differences in phenotypic plasticity for two of the species (P. patula and P. pseudostrobus), with a higher variation for the first species. It is interesting to notice that for SDM ( Figure 3b ), Pinus patula populations were quite homogeneous in allocating biomass to stems despite the differences in height, while the two P. oocarpa populations had quite different patterns. P. pseudostrobus populations showed differences in phenotypic plasticity for SMF and SLA, with populations PS05 and PS04 being the most interactive for the two traits (Figure 3d ,e). 
Phenotypic Variation of the Mexican Species Under Full Capacity and Drought Stress Treatments
The two first factors explained 86.09% of the total variation, with the first factor (PC1), related to stem growth and SLA, explaining 59.85% of the total variation, and the second factor, related to root and stem dry biomass, explaining 26.24% of it (Table S5 ). The two treatments clearly differed, all populations analyzed showing a similar pattern, mainly due to an increment in stem mass under the full capacity treatment, although they differed either in the extent of the variation or in the allocation pattern (expressed in the two axes). The differences were higher for Pinus patula than for P. pseudostrobus. P. pseudostrobus populations showed a similar performance, PS03 and PS04 behaving similarly under the two treatments ( Figure S2) . Pinus patula showed a significant correlation (r = 0.634 *) between rainfall of the origin and plasticity in PC2 (Figure 4a ). In the case of Pinus pseudostrobus, the value was significant (r = 0.823 *) in the case of PC2 (Figure 4b ). 
Discussion
This paper evaluates the variation in growth and biomass allocation in seedlings of three Mexican pines grown under two contrasting watering regimes. The results showed inter-and intraspecific variation in seedling drought tolerance, which confirms our hypothesis that the watering regime had a significant effect in phenotypic changes for plants of Pinus oocarpa, P. patula and P. pseudostrobus. All species and populations shared a common general avoidance mechanism (increasing water uptake and reducing water loss [29] ) in relation to changes in their allocation patterns, but the intraspecific variation and differences in phenotypic plasticity among populations modified the adaptation strategies of the species to drought. The sampling scheme allowed us to detect differences among geographically close populations, with strong implications for forest management.
Our study is limited to moderately stressful experimental conditions, as we were dealing with species and populations that differ in their tolerance to water stress, but in accordance to the climatic scenarios predicted by 2030 [1] . Our results evidenced the existence of an avoidance mechanism in the face of drought stress at the seedling stage, which is the most critical in both the natural and artificial regeneration methods. The existence of watering x population interaction in many traits implies differences in the genetic responses of the populations that are important for the in situ adaptation of the species, due to the possible selection of reaction norms. Experiments under more intense water stress, that is, more stressful conditions than those predicted for the next generation, could result in hidden reaction norms, i.e., responses of the populations not described previously [30] . Another caveat of the study is that maternal environmental effects at the seedling stage significantly modulate variability in the trees growing in the stressful environment [31] . However, we minimized the impact of these effects by using the initial height as a covariate. Finally, we focused our experiment in a restricted area, using a limited number of samples (in the case of P. oocarpa, only two, to avoid biases due to taxonomic errors in the identification, see Materials and Methods). The sampled populations, however, cover the range of mean temperature and rainfall of the study area (Table 1) . We addressed the level and patterns of variation of close-together populations in the same region as a means to infer genetic resources management recommendations in the study area. We are not able, however, to provide estimates of the level of genetic variation of the species, which is largely dependent on the sampling scheme.
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Discussion
The adjustment to drought stress treatment in the Mexican pines analyzed mainly involved allometric changes by reduction of aerial biomass, although it is interesting to point out that root allocation was not significantly affected, and neither was needle dry biomass. Seedling allometric changes, linked to low water availability in the soil [32] , are associated to particular physiological processes, including changes in photosynthetic and transpirational capacities, that depend on the level of stress [6] . A reduction in SLA, an important functional trait related to leaf assimilation capacity [33] , was also observed. Such reduction in SLA under water-stress conditions has been repeatedly reported in seedling experiments (e.g., P. canariensis [34] , P. halepensis [35] ), under similar experimental conditions. SLA changes were due to shifts in the watering regime [36] , and seedlings from drought-tolerant seed sources showed greater reductions in needle size, area per needle and stomata per needle than seedlings from non-tolerant sources [37] .
The three species analyzed did not behave similarly, and presented significant differences in the level of intraspecific variation and phenotypic plasticity under water stress treatment. P. oocarpa showed the highest mortality, growth reduction and needle biomass fraction increment. P. oocarpa seemed the least tolerant to water stress, while P. pseudostrobus was the most tolerant. The climatic information from the sampled populations (and from the species in the area of study) is not exactly coherent with this behavior, since P. oocarpa lives under higher annual temperatures (18.8 • C) and rainfall (1205 mm) than the other two species (14.3 • C and 982 mm for P. patula, and 12.6 • C and 1145 mm for P. pseudostrobus). Therefore, climatic data (temperature and rainfall) cannot be solely relied upon in predicting drought tolerance in forest species, especially when dealing with populations from a restricted area, where other factors and climatic variables could have shaped local adaptation, determining the behavior of each species [38] [39] [40] .
For the three species, several patterns have been described for the relationship between the ecological conditions and the performance in field or in greenhouse experiments of the species, indicating that these relationships depend both on the species and the experimental conditions (sampled material and site). In many cases there is a maximum (or minimum) of the performance at a given ecological (rainfall, altitude) value. For P. oocarpa seedlings, the occurrence of a seedling stage was high whenever the rainfall at the seed origin was less than 1250 mm. The ability to form a lignotuber (storage root typical from seedling-stage pines) is probably an adaptation to dry, fire-frequented environments [41] . Height growth was related to the altitude, rainfall and dry season of the seed origin [41] , and the greatest growth would occur in populations originating from 1255 m a.s.l., with populations from either lower or higher altitudes having a lower growth [42] . Pinus patula provenances from lower altitudes showed higher growth and a larger number of shoots cycles than provenances from higher altitudes [43, 44] . However, in a greenhouse-provenance trial, seedlings showed slightly higher growth potential in provenances from mid-altitude (2700 m a.s.l.) than those provenances originated in altitudinal extremes (2400 and 3000 m a.s.l.) [45] . Pinus pseudostrobus populations from lower altitudes (2300-2400 m a.s.l.) presented poorer health than populations from intermediate altitudes (2700 m a.s.l.), and those populations from altitudinal extremes (2300 and 2900 m a.s.l.) presented the lowest percentages of germination, while the highest germination rate corresponded to 2700 m a.s.l. [46] . Intraspecific variation will influence the strategies of the species at two main levels: genetic variation and differences in the plastic response of the populations. The three species showed significant levels of intraspecific variation within the sampled area, with P. oocarpa, for which only two populations were sampled, having a largest level of genetic variation, the two populations differing in phenotypic plasticity in response to drought stress. It has been reported that populations from low altitudes tend to show higher growth potential than trees from populations originating at higher altitudes [42] , and that populations from altitudes of origin above 1000 m a.s.l. are less drought-tolerant than those of below 1000 m a.s.l. [47] . It is quite likely that populations (and species) from low altitudes have a more conservative growth strategy, related to the avoidance of drought stress [9, 48] . However, at our sampling scale, the population from the high altitude (OC02) was more tolerant to drought stress, as indicated by its lower mortality, and its better stem biomass adjustment under our two watering regimes.
Pinus patula populations showed a significant among-population variation in most of the traits related to stem growth and SLA, and they also differed in levels of phenotypic plasticity for those traits, although not for SLA. It has been reported that P. patula provenances from lower altitudes have a higher growth [43] . In our study, there is a correlation among seed origin rainfall and the mean value of the first factor (r = 0.65), related to stem mass fraction, and SLA and the plasticity in the second factor (r = 0.63), related to root and stem dry biomass, indicating that even at local scales there is an adaptive pattern to climate of the integrated phenotypes.
P. pseudostrobus also showed intraspecific differences in traits related to stem biomass, and SLA, but also significant differences in phenotypic plasticity among populations. We found a correlation of the mean value of the populations in the factor 2 (r = 0.82 *) related to root and stem dry biomass. The low sampling size (5 populations), could influence the lack of significance of the factor 1 (r = 0.65 ns) and the plasticity of the factor 2 (r = 0.68 ns). The linear relationships described in this study can also be caused by the sampling area, as we cannot discard a more complex performance (as the ones described in the studies previously mentioned), when expanding the study area. It is interesting to notice that populations from western Mexico did not have significant genotype-environment interaction [49, 50] , when tested in close-by test sites. Therefore, estimating intraspecific differences in terms of adaptability at local scales will require an estimate of among-population genetic differences in terms of genetic phenotypic plasticity [51] in a larger number of populations.
The implications for forest genetic resources management are related to the natural and artificial regeneration of the species and conservation of genetic resources. In the TMVB, the populations of the species differ in adaptability to drought stress, and our ability to predict the responses requires a sufficient sample size, that is, at spatial scales significant for forest management we can detect differences in genetic variation and patterns of performance related to the climate of origin. In the case of P. oocarpa, even two very close populations performed differently and, for the other two species, the existence of intraspecific variation (population and drought-by-population interaction) justifies the use of local material in afforestation programs [52] . More productive allochthonous basic materials could be used in the region, ensuring that native populations were not introgressed with this potentially non-adapted material [53] . This study also shows the importance of the area for the genetic conservation of the species, as some conservation units can be selected having differential value in terms of adaptation for the future climatic conditions [54] . Also, our results show that, at early developmental stages, genetic differences in survival are important, depending on the species, and therefore silvicultural treatments must be taken into consideration to favor different biomass allocation (e.g., by reducing competition or light) [55] . Managing the genetic resources within a region, therefore, needs not only information at the species level, but a more precise information about major variation patterns of their populations, as the effects will affect the future adaptation and performance of the species in the area considered.
Conclusions
We confirmed that even at reduced geographical scales, Mexican pines present differences in the response to water stress. The responses differed among species, including the allometric phenotypic changes in biomass allocation (plasticity), the genetic differences among populations, and the differences in phenotypic plasticity among populations. Testing three different species that presented differences in water stress tolerance, allowed us to detect different strategies of avoidance (mainly changes in allometry, but also changes in needle structure for some of the populations), and some patterns of species response. These differences are relevant not only in afforestation programs, but also in genetic conservation activities.
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